The present study investigated the beneficial effects of intermittent hypoxia training (IHT) in humans under prediabetic conditions. We found that three-week moderate IHT induced higher HIF-1a mRNA expressions as well as its target genes, which were positively correlated with higher tolerance to acute hypoxia and better glucose homeostasis in both middle-aged healthy and prediabetic subjects. This small clinical trial has provided new data suggesting a potential utility of IHT for management of prediabetes patients.
Introduction
The method of intermittent hypoxia training (IHT) is an emerging therapeutic modality for treatment and prevention of various human diseases and has gained increasing attention. The mechanisms underlying the beneficial effects of IHT have been investigated at the multiple biological levels, from systemic physiological reactions to genomic regulation. [1] [2] [3] [4] [5] The potential therapeutic uses of IHT in treating cerebrovascular and cardiovascular disorders have been the focal areas of extensive research. 6, 7 Despite these advances, the effects of IHT on diabetes mellitus, especially type 2 diabetes, one of the most prevalent pathological conditions in the current world population, are much less investigated. 8 In the mid-1990s, Ukrainian scientists first demonstrated in diabetic animals that IHT could reduce vascular risk factors and increases blood insulin levels via inhibition of the islet destruction and promotion of new beta-cell formation in acinar tissue. 9 These authors recently confirmed that two-week IHT led to an increase in the area of pancreatic islets and the number of b-cells in diabetic rats, mainly due to a significant reduction of b-endocrine cells apoptosis. The positive effect was maintained for at least 10 days. 10 These findings in preclinical animal studies suggested possible utilization of IHT in control or treatment of type 2 diabetes and its associated insulin resistance. It is notable that the favorable effects of IHT on glucose metabolism were also suggested. 11, 12 In particular, it was shown that hypoxic training increased glycolytic enzyme activities, enhanced the number of mitochondria in skeletal muscles, and improved insulin sensitivity as well. 13, 14 Glucose-lowering effects of IHT were also previously reported in diabetic patients 15, 16 and the beneficial effect is particularly important in elderly population with higher risks in developing diabetes.
Moderate levels of intermittent hypoxia mobilize genome that in turn activates a cascade of intracellular signaling transduction, which involves various receptors, mitochondrial respiratory chain, key intracellular regulatory systems, early genes, superfamilies of the inducible and activation transcription factors, which are sequentially engaged in the processes of initiation and induction of hypoxic tolerance. One of the key regulators of oxygen homeostasis under hypoxic conditions is hypoxia inducible factor (HIF), which initiates transcriptional activation of numerous target genes to improve oxygen delivery and utilization 17 as well as glucose homeostasis. 12, 18, 19 Delicate balance exists between HIF-1 level and optimal metabolic functions. 20, 21 Malfunction of these relations leads to hyperglycemia and type 2 diabetes. Based on these results, we have suggested that the use of IHT for treatment of patients with prediabetic abnormalities can improve carbohydrate metabolism and lead to prevention of diabetes development.
Among the HIF-1a target genes, energy-independent facilitative glucose transporter-1 (GLUT-1; encoded by solute carrier family-2 gene SLC2A1) is one of most important for regulating glucose metabolism which predominates in many types of human cells 22 and is the only vehicle that transports glucose into the brain. 23 GLUT-1 mediates glucose uptake increasing intracellular glucose levels to be used by glycolysis and other metabolic pathways. 24, 25 GLUT-1 is upregulated under hypoxia, and its activity depends of the severity of hypoxic impact. 26, 27 Another HIF-1a target gene important for glucose homeostasis is insulin receptor (INSR). Insulin exerts its physiological effects through this member of tyrosine kinase family of transmembrane signaling proteins encoded by a single gene INSR. 28 Increase of INSR level could alleviate insulin resistance. Recent studies indicated that INSR is expressed at higher levels under hypoxic stress 29 and overexpression of INSR improves obese and diabetic phenotypes in mice. 30 ATP-sensitive potassium (K ATP ) channels are also involved in the regulation of insulin secretion in the b-cells of pancreas. It couples cell metabolism to electrical activity of the plasma membrane by regulating membrane K þ fluxes. 31, 32 K ATP channels also play important role in adaptation to intermittent hypoxia. 33, 34 One of the pore forming subunits of K ATP channels is encoded as KCNJ8 (potassium inwardly-rectifying channel, subfamily J), also known as KIR6.1. 35 Under the context, the present study was designed to investigate the effects of a three-week session of IHT on blood glucose and hypoxic tolerance in healthy humans and patients with prediabetes. Furthermore, we focused on the effects of IHT on mRNA expression of HIF-1a and its targeted genes, such as INSR, SLC2A1, and KCNJ8.
Materials and methods

Characteristics of participants
Seven healthy volunteers (44-68 years, 3 males and 4 females) and 11 prediabetic patients (48-70 years, 5 males and 6 females) participated in the current study. The prediabetes patients were diagnosed using the criteria issued by the American Diabetes Association. We included patients who had an elevated fasting glucose level (5.6 to 6.9 mmol/L), impaired glucose tolerance (i.e. plasma glucose level of 7.8 to 11.0 mmol/L 2 h after an oral dose of 75 g glucose challenge), or their combination. Subjects in the healthy control group had no cardiovascular, respiratory, endocrine or central nervous system disorders and their fasting glucose concentration was less than 5.6 mmol/L and less than 7.8 mmol/L 2 h after a standard glucose tolerance test.
This clinical study was conducted under the state laws of Ukraine and the ethical principles of the 1964 Declaration of Helsinki. The research protocols, patient health information and informed consent forms were approved by the Ethics Committee of Chebotarev Institute of Gerontology, Kiev, Ukraine. All subjects received detailed information of the study process and a written informed consent was obtained from each of the participated subjects. All participants were nonsmokers and did not take any medication two weeks prior to and during the sessions of the study. They had no infections during the past month and no major cardiovascular or respiratory complications. All subjects underwent measurements of several anthropometric variables (Table 1) , which indicated no significant difference in age and height between healthy and prediabetes groups, whereas the body weight, body mass index, and waist circumference were higher in the prediabetes patients than those of healthy control subjects. All participants were informed about the strict observance of lifestyle one month prior to, during, and one month after IHT (including levels of physical activity, caloric content of daily diet, consumption of coffee and tea, abstinence of alcohol, etc.). They kept diaries in which they noted any lifestyle changes, if occurred. Any violation of the regime by the subjects resulted in exclusion from the study.
Experiment protocols
All sessions of the present study were conducted in a quiet room at a temperature of 22-23 o C within a clinical research center of the Chebotarev Institute of Gerontology. Table 2 . Measurement sessions were performed during two days before IHT course, one day and one month after the termination of IHT. For determination of HIF-1a mRNA expression and its target genes in blood leukocytes, venous blood samples were collected again next day after one-week IHT course. Patient examination included: (1) anthropometric measurements; (2) determination of HIF1a mRNA and its target genes; (3) standard oral glucose tolerance test (OGTT) with plasma glucose determination; and (4) acute hypoxic test (AHT) with measurements of routine cardiovascular parameters.
In the morning of the first experiment day, after threeday routine hospital diet (250-300 g carbohydrates) and normal physical activity, a venous blood sample was drawn under fasting condition from the median antecubital vein for measurement of fasting glucose level as well as genetic analysis. Thereafter, a standard OGTT was conducted according to Ryden et al., 36 which used 75 g of glucose mixed in 250 mL of water. Venous blood samples were drawn at 120 min after the oral glucose ingestion. Plasma glucose concentrations were analyzed by glucose oxidase method in normoxic conditions on semi biochemical analyzer BTS-330 using reagents ''Glucose'', Bio LATEST Lachema Diagnostica.
Next day, after a light breakfast, the baseline cardiovascular parameters of the subjects were measured in a relaxing sitting position with spontaneous breathing of room air. Arterial blood oxygen saturation (SaO 2 ) and heart rate (HR) were recorded using a patient vital sign monitor UM 300-12 (UTAS, Ukraine, http://www.utasco.com). Systolic (SBP) and diastolic (DBP) blood pressure values were measured on brachial artery with a mercury sphygmomanometer (Erkameter 3000, Germany). After all the baseline tests, the participants were connected to an open breathing circuit through a mask to perform an AHT 37 : breathing a gas mixture with 12% O 2 for 20 min while monitoring the changes in the subject's cardiovascular parameters and SaO 2 . This study analyzed the indices at the 20th min of the test.
From the next morning, after a light breakfast, all participated subjects received the sessions of IHT three times a week for the subsequent three weeks, i.e. each subject received total of nine sessions of IHT. Each session consisted of four cycles of 5-min hypoxia (12% inspired O 2 ) followed by 5-min normoxia (room air breathing). The normobaric hypoxia was administered to the subjects in sitting position, using a hypoxic apparatus-Hypotron Õ (Kiev Polytechnic Institute, National Technical University of Ukraine). The subjects' SBP, DBP, HR, and SaO 2 were continuously monitored and recorded. Next day and one month after the end of three-week IHT, the post-test examinations were conducted in the same manner as the pre-test ones ( Table 2) .
Determination of gene expression
mRNA expression of HIF-1a, INSR, SLC2A1, and KCNJ8 was determined in circulating blood leukocytes collected in various time points using real-time polymerase chain reaction (RT-PCR) assay. Blood leukocytes were obtained by centrifuging the blood samples at 1500 g for 1.5 min. After centrifugation, supernatant with interphase fraction was collected and transferred in new tube. After a secondary centrifugation (3000 g for 3 min) the supernatant was removed, the precipitate was used for RNA isolation using phenol-chloroform extraction after homogenization with guanidine isothiocyanate (Trizol RNA Prep 100 Kit, Russian Federation). Total RNA concentration was determined with a spectrophotometer ND1000 (NanoDrop Technologies Inc., USA). cDNA was synthesized from 5 mg of total RNA by reverse transcription with 10 mmol/L Tris-HCl (pH 9.0), 5 mmol/L MgCl 2 ; 1 mmol/L dNTPs; 20 U Ribo-Lock, Random hexamer primers (0.5 mgÁmL À1 ) and 200 U RevertAid H Minus M-MuLV Reverse Transcriptase. PCR was performed using an Applied Biosystems 2700 (PerkinElmer, USA). Gene expression of HIF-1a (Assay ID: Hs00153153_m1), SLC2A1 (Hs00892681_m1), INSR (Hs00961554_m1), and KCNJ8 (Hs00958961_m1) was determined using TaqMan Õ Gene Expression Assay (Applied Biosystems, USA). The pairs of forward and reverse primers for genes above mentioned and the TaqMan Õ probes for the target mRNAs were designed by Applied Biosystems based on the human mRNA sequence. Gene expression in each probe was normalized with b-actin, using a TaqMan Õ human b-actin control reagent. The thermal cycles of PCR amplification consisted of initial denaturation step at 95 C for 20 s, followed by treatment at 95 C for 3 s, and at 60 C for 30 s and for 50 cycles using a 7500 Fast Real-time PCR equipment (Applied Biosystems). The cycle threshold is defined as the number of cycles required for the fluorescence signal to exceed the detection threshold. The expression level of each target gene was calculated relative to the housekeeping gene (b-actin) as the difference between the threshold values of the two genes. Each PCR step was performed in duplicate and the calculations were done using the 7500 Fast System SDS software (Applied Biosystems).
Statistical analysis
All data were analyzed using SPSS software version 21.0 (SPSS Inc., USA). Student's t-test was used to test anthropometric differences between healthy and prediabetes groups ( Table 1 ). To evaluate the changes of blood glucose concentration over time in both groups ( Table 3) , two-way analysis of variance (ANOVA) with repeated measures was used followed by Bonferroni post hoc test to determine both group main effect (healthy vs. prediabetes) and time effect (for 3 time-points: Pre-IHT baseline, 1 day after IHT, 1 month after IHT). To assess the differences between physiological parameters at 20th min of acute hypoxia test before and after IHT (Table 4) , three-way ANOVA with repeated measures and Bonferroni post hoc test was used to analyze both the group main effect, time effect, and hypoxia effect for each of dependent variables. Pearson product-moment correlation coefficient (r) was calculated to show the degree of linear relationship between variables. The level of statistical significance was set at P < 0.05. Data are expressed as mean AE SD.
Results
All subjects well tolerated the entire process of medical examination and IHT sessions. No subjective discomforts and/or any other adverse effects were reported. Table 3 demonstrates the effects of IHT on blood glucose level in healthy subjects and prediabetic patients. Prior to IHT, the fasting glucose level was within the normal range in both groups, but in healthy group it was significantly lower ($18%) than prediabetes group. The results of OGTT indicated that 2 h after 75 g glucose ingestion the plasma glucose concentration increased by 15% in the healthy subjects, but by 41% in the prediabetic patients (P < 0.05). Two-way ANOVA results indicated that main group effect (healthy vs. prediabetes) was significant (P < 0.01). On the other hand, although the general time effect was not significant due to the absence of IHT influence on healthy subjects, a separate Bonferroni post-hoc analysis in the prediabetic patients showed a significant difference between fasting glucose pre-IHT baseline and one month after IHT (P < 0.05), between 2-h post-OGTT glucose pre-IHT baseline and one day after IHT (P < 0.05) as well as one month after IHT (P < 0.01). Both group main effect and group þ time effect were statistically significant for 2-h post-OGTT glucose ( Table 3) . Table 4 demonstrates the values of blood oxygen saturation and cardiovascular indices during AHT before and after the three-week sessions of IHT. Under acute hypoxia (12% inspired O 2 for 20 min), SaO 2 (a non-invasive indicator of hypoxic tolerance) dropped at the initial stage by 18% in healthy group and 19% in prediabetes group. No statistical difference between the two groups was observed (group main effect F ¼ 0.030, P ¼ 0.834). At the end of three-week IHT, SaO 2 fell much less (by 13% or 14%, respectively) suggesting the body has gained an increased tolerance to hypoxia. This effect maintained at one month after IHT Three-way ANOVA test did not show significant common effect group þ hypoxia þ time effect, which demonstrates the absence of differences between groups in adaptive reactions of cardiovascular indices to hypoxia.
Blood glucose level
Tolerance to acute hypoxia
HIF-1a mRNA expression
Initial level of HIF-1a mRNA expression was comparable in the healthy group and prediabetes group (Figure 1(a) ). IHT resulted in approximately four-fold (Healthy) and five-fold (Prediabetes) increase during the first week of IHT. In the next two weeks HIF-1a expression returned to the baseline level in the healthy subjects. However, in the prediabetic patients HIF-1a expression continued to increase, exceeding the initial level for 6.5 times and remained two-fold higher one month after the end of IHT.
SLC2 mRNA expression
mRNA expression of SLC2-the insulin-independent glucose transporter (Figure 1(b) ) was not different significantly between the two groups prior to IHT. At the end of threeweek IHT sessions, SLC2 mRNA expression increased significantly in the healthy participants with subsequent 80-fold augmentation in a month after IHT termination, but no changes were observed throughout the test period in prediabetes group, indicating a prediabetes-related defect in this transporter in response to intermittent hypoxia. 
INSR mRNA expression
Basal INSR mRNA expression was not statistically different between the two groups, mainly due to large individual variance among the prediabetes patients, from 0.1 to 12 units (Figure 1(c) ). During IHT this parameter gradually increased in the healthy subjects reaching a five-fold increase by the end of IHT and continued to increase in the coming month, exceeding more than 100 times above the baseline value. Meanwhile, in the prediabetic patients, IHT caused slight decrease in INSR mRNA expression during training period, and only in a month after IHT termination this parameter increased to a level of 16-folds above the baseline, suggesting a remarkable delay in response to IHT.
KCNJ8 mRNA expression
The pre-IHT basal mRNA expression of KCNJ8 potassium channels was identical in both groups (Figure 1(d) ). During the first week of IHT no significant changes was observed, but at the end of three-week IHT sessions KCNJ8 increased about 15-folds in healthy group and six-folds in prediabetes group. Interestingly, one month after IHT termination, the augmented level of KCNJ8 was maintained in healthy group, but showed more pronounced increase in prediabetes group. Figure 2 demonstrates the relationship between SaO 2 at 20th minute of acute hypoxic test (the marker of tolerance to acute hypoxia) and several measured parameters. Although no significant correlation was found between the levels of SaO 2 and baseline fasting blood glucose (Figure 2(a) ) or 2-h post-OGTT blood glucose (Figure 2(b) ) in healthy group, a strong negative correlation was identified in prediabetes group. In these prediabetes patients, the lower SaO 2 under acute hypoxic test, the higher fasting glucose (Figure 2(a) , r ¼ À0.75; P < 0.01) and 2-h post-OGTT (Figure 2(b) , r ¼ À0.33, P < 0.05). In addition, we also found a significant positive correlation between SaO 2 and baseline HIF-1a mRNA expression in both healthy (r ¼ 0.61; P < 0.01) and prediabetes groups (r ¼ 0.69; P < 0.01) (Figure 2(c) ). Besides, a negative correlation between SaO 2 and % changes in mRNA expression of HIF-1a between baseline and the post-IHT examination in prediabetes group (Figure 2(d) , r ¼ À0.42, P < 0.05). These data indicate that the subjects with lower tolerance to hypoxia had initially higher blood glucose level and greater increase in HIF-1a mRNA expression under IHT.
Correlation analysis
Discussion
The present study revealed the following salient findings:
(1) three-week sessions of IHT afforded beneficial effects on glucose homeostasis in patients with prediabetes (Table 3) , particularly IHT significantly reduced fasting and 2-h post-OGTT blood glucose levels with the most pronounced beneficial effects observed at one month after the end of IHT; (2) IHT significantly increased the body's tolerance to acute hypoxia and improved cardiovascular function under hypoxia in both healthy and prediabetic individuals ( Table 4 );
(3) subjects with higher initial level of blood glucose had lower tolerance to hypoxia (Figure 2(a) and (b)); (4) IHT stimulated HIF-1a mRNA expression in blood leukocytes in a bi-phasic manner, which showed early activation during the first week of IHT and subsequently returned to the pre-IHT basal level in healthy men, but in prediabetic patients the maximum response to IHT was observed in a delayed manner at the end of IHT (Figure 1(a) ); (5) HIF-1a regulated genes such as INSR, SLC2, and KCNJ8 were differentially affected by IHT in the healthy and prediabetic individuals; the greatest changes in mRNA expression of the target genes occurred one month after termination of IHT and coincided with the largest decrease in blood glucose levels, both fasting and under hyperglycemia load (Figure 1(b) to (d)); and (6) the higher expression of HIF-1a was positively associated with higher tolerance to hypoxia and better glucose homeostasis in both healthy and prediabetes subjects and interestingly the greater increase in HIF-1a mRNA expression under IHT was observed in the subjects with lower resistance to hypoxia. The abovementioned findings are conceptually supportive to the notion of anti-diabetes effect of IHT, which was first demonstrated by Kolesnyk et al. in rats 9 and subsequently confirmed in other animal and human studies using different IHT models 13, [38] [39] [40] [41] [42] as well as during the high altitude hypoxia adaptation. 43, 44 However, it is notable that severe intermittent hypoxia, such as those found in patients with obstructive sleep apnea (OSA) may cause various negative effects, including the suggested association between OSA and type 2 diabetes. [45] [46] [47] It is increasingly realized that different patterns of intermittent hypoxia could result in divergent effects on metabolic function 21, [48] [49] [50] [51] [52] and the specific mode of hypoxia, including depth, duration, and cyclic frequency, can be critical for determining the healing or harmful results of intermittent hypoxia. 2, 53 Our present investigation provided direct evidence suggesting a moderate and non-invasive protocol of four short cycles of 5-min hypoxic breathing (12% O 2 ) and 5-min normoxic breathing (room air), three times a week for three weeks is sufficient to reduce fasting and 2-h post-OGTT hyperglycemia in prediabetic patients, while increasing their resistance to acute hypoxia with improved cardiovascular functional parameters under hypoxia.
Hypoxia is well known to initiate an adaptive gene transcription program via HIFs, among which HIF-1 triggers hypoxia-dependent gene expression in regulating many metabolic processes for the improvement of O 2 transport capacity. 11, 17, 20, 21, 54 Reduced levels of HIF-1a have been found in the cells or tissues collected from diabetic animals or patients, indicating an inhibitory effect of hyperglycemia on HIF-1a expression. 18, [55] [56] [57] [58] [59] This diabetes-blunted HIF-1a response to hypoxic conditions may result in impaired angiogenesis and inability to upregulate glycolytic ATP generation in the type 2 diabetic heart. 60 The selection of leukocytes to be studied on cellular response to hypoxia had several rationales. The primary rationale to study leukocytes is their cellular lifespan (2-10 days), which allows observing the cell phenotypic changes under intermittent hypoxia sessions. In fact, leukocytes are the only nucleated fraction in blood cells, in which the changes in gene expression under hypoxic stimuli can be non-invasively quantified and it has been thought to reflect better the processes of genetic activation in cells than the mRNAs extracted from blood plasma. For example, a previous study by Tissot van Patot et al. 61 using leukocytes demonstrated that HIF-1 DNA binding activity was enhanced in vivo in response to acute hypoxia in 14 men exposed to hypobaric hypoxia (4300 m or equivalent to 12% O 2 ) in a hypoxic chamber for 8 h, both HIF-1 DNA binding and HIF-1a protein levels in leukocytes were elevated, in association with plasma and urinary markers of hypoxic stress. To our best knowledge this is the first time to show HIF-1a mRNA increased following IHT sessions. The present study also showed that the maximum increase in HIF-1a expression induced by IHT occurred much earlier in healthy people than those in prediabetic patients, which may indicate the inhibitory effect of higher blood glucose levels on HIF-1a response to IHT in the prediabetic patients. In supporting this notion, recent study by Xiao et al. 59 demonstrated that whereas hyperglycemia upregulates HIF-1a signaling in some cell types, high glucose can also inhibit HIF-1a and its target genes. Regarding the mechanisms of HIF-1a impairment under diabetic conditions, the negative effects of various diabetes-associated factors include overproduction of reactive oxygen species, increased sensitivity to Von Hippel-Lindau (VHL) machinery, and altered osmolarity and proteasome activity, which could deactivate HIF-1a.
Our present study further investigated mRNA expression of several main target genes of HIF-1a, which are likely participating in insulin reception (INSR), facilitated glucose transport (SLC2A1), and regulation of insulin secretion in the b-cells (KCNJ8). It is known that as a part of adaptive response to hypoxia, there is upregulated expression of several genes encoding glycolytic enzymes. 27 However, to our best knowledge, an IHT-induced change in mRNA expression of these genes has not been reported prior to our current study. Our present results showed that whereas no significant difference in baseline expression of the examined genes between prediabetes and healthy subjects, the changes in HIF-1a-regulated gene expression in response to IHT was subsequent to those of HIF-1a mRNA in the healthy group and the maximum response was observed one month after the end of IHT (Figure 1(b) to (d)). Notably the prediabetes group exhibited different temporal profiles.
It is well recognized that physiological effects of insulin implemented mainly through INSR by binding to a subunit of INSR and stimulating the intrinsic kinase activity of b subunit of INSR. 28 Increased levels of INSR could alleviate insulin resistance, because overexpression of INSR improved obese and diabetic phenotypes in rodents. 62 KCNJ8 is one of the subunits of K ATP channels and presents in many tissues, including pancreatic islet cells, therefore it is considered as metabolic sensors via coupling cellular metabolic status to cell membrane potential. 32, 35, 63 Functional and structural defects in K ATP channels impair insulin secretion leading to the onset of diabetes. 64 Our present study demonstrated an increased KCNJ8 mRNA expression at the end of IHT in both healthy and prediabetic subjects and more pronounced effect at one month after IHT in prediabetic patients. Based on the observed similarity in KCNJ8 mRNA expression among healthy and prediabetes subjects under IHT, we postulate that KCNJ8 channels may be less vulnerable during the development of diabetes. Such a hyperactive KCNJ8 following IHT may lead to the increase in insulin secretion by b-cells. Previous laboratory animal studies suggested an organ-protective role of vascular K ATP channel under diabetic condition, via suppressing diabetic oxidative stress. 32 Cardioprotective and antiarrhythmic effect of adaptation to intermittent hypoxia is also mediated via activation of K ATP channels. 34 GLUT-1 is one of the key components of the HIF-1amediated hypoxia response. 24, 65 It is responsible for basal glucose uptake and expressed in virtually all tissues under normal conditions. 66 HIF-1a accelerates the expression and activation of GLUT-1 and induces glucose uptake and glycolysis, 26 which in turn induces HIF-1a degradation 67 and GLUT-1 mutations that reduce its function are associated with reduced glucose uptake. 68 HIF-1a and GLUT-1 levels increased significantly in the cells exposed to chronic intermittent hypoxia, suggesting a transcriptional activation and adaptive response to intermittent hypoxia. 24, 65 Alterations in glucose transporter genes are also associated with major pathologies, e.g. Alzheimer's disease. 69 GLUT-1 itself is a relatively stable protein as compared with HIF-1a 70 and therefore its changes in response to hypoxia-reoxygenation should have a more sustained profile. In our present study, IHT elicited no change in SCL2A1 mRNA expression in the prediabetes group. The exact molecular mechanism underlying the loss of ability of IHT to upregulate GLUT-1 in prediabetic patients requires further investigation.
Notably, the most significant changes in mRNA expression of HIF-1a target genes were observed a month after IHT termination and were coincided with the largest decrease in fasting blood glucose and 2-hour post-OGTT glucose levels in the prediabetic patients (Table 3) . Such long-term cause-and-effect relationships are not fully understood. Our previous studies in healthy people have also shown that the most pronounced changes in circulating hematopoietic stem and progenitor cell counts were observed not during IHT but two weeks after the completion of IHT. 71 Mechanism underlying the much delayed augmentation mRNA expression of HIF-1a target genes by IHT remains unclear and should be elucidated in future studies.
In addition, it was suggested that glucose sensing in the carotid bodies may play a role in metabolism. 72, 73 We previously described in prediabetic patients the relationships between the tolerance to hypoxia and cardiorespiratory response to acute hypoxia as well as the severity of glucose metabolism disorder. 37 Our current study also found that prediabetic patients with impaired glucose homeostasis had lower tolerance to hypoxia (Table 4, Figure 2 ). The higher expression of HIF-1a was positively associated with higher tolerance to hypoxia and better glucose homeostasis in both healthy and prediabetes subjects. Besides, the greatest increase in HIF-1a mRNA expression under IHT was observed in the subjects with lower tolerance to hypoxia ( Figure 2(d) ). This observation is in accordance with previous findings from the rats with high or low resistance to hypoxia, 74, 75 which reported higher increase in HIF-1 mRNA in the brain tissue of low tolerant animals following adaptation to intermittent hypoxia.
Taken together, the close relationships between the IHT-reduced blood glucose levels and the IHT-enhanced tolerance to hypoxia, which are also associated with the IHT-enhanced HIF-1a expression and its target genes, clearly suggested a better normalization of carbohydrate metabolism during IHT.
Nevertheless, several limitations of the present study include that we only investigated the transcription of HIF-1a as a possible mechanism of potentiation of the ''weak links'' of the HIF-1a-mediated responses in diabetic patients. At the same time, the obtained results about the induction of target genes indirectly indicate the effectiveness of HIF-1a protein stabilization and its transcriptional activity. Undoubtedly, future studies focusing on posttranslational modifications of HIF-1a protein would be highly warranted and informative.
Conclusion
The present study elucidated the poorly understood molecular mechanism underlying the beneficial effects of IHT under prediabetic conditions. We found that threeweek moderate IHT induced higher HIF-1a and its target genes mRNA expressions, which were positively correlated with higher tolerance to acute hypoxia and better glucose homeostasis in both middle-aged healthy and prediabetic subjects. Our results suggest a potential utility of IHT as an effective non-pharmacologic preventive therapy for management of prediabetes patients.
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